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ABSTRACT 
The ability of calcium aluminate cement (CAC) to encapsulate toxic metals (Pb, Zn and 
Cu) was assessed under two curing conditions. Changes in the consistency and in the 
setting time were found upon the addition of the nitrates of the target metals. Both Pb 
and Cu caused a delay in CAC hydration, while Zn accelerated the stiffening of the 
mortar. Compressive strengths of the metal-doped mortars, when initially cured at 
60ºC/100% RH, were comparable with that of the free-metal mortar. Three different 
pore size distribution patterns were identified and related to the compounds identified 
by XRD and SEM. Sorbent capacities of CAC for the toxic metals were excellent: a 
total uptake was achieved for up to 3 wt.% loading of the three metals. In this way, 
CAC mortars were perfectly able to encapsulate the toxic metals, allowing the use of 
CAC for waste management as proved by the leaching tests. 
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1. INTRODUCTION 
Heavy metal bearing waste normally needs solidification/stabilization (S/S) processes to 
reduce contaminant leaching prior to landfill disposal. Cement is the most adaptable 
binder currently available for this immobilization. A growing number of papers have 
dealt with this subject, mainly using ordinary Portland cement (OPC), some of its 
phases or OPC modified by calcium aluminate, calcium sulphate, and/or admixtures [1-
7], occasionally forming new phases with the metallic cations. In addition, G. Qian and 
co-workers have extensively studied the S/S processes of toxic metals in fly ash-
calcium sulfoaluminate cement, Friedel’s salt or fly ashes [8-10]. 
CAC is an alternative construction material to OPC. This type of cement is especially 
employed in the production of fire-resistant materials and in cases in which concreting 
in temperatures below zero or a fast increase in strength is required [11]. Different 
calcium aluminate compounds, such as CA, CA2 and C12A7, exist, the reactivity 
increasing when CaO content rises. CAC reaction with water usually leads to the 
formation of metastable hexagonal phases, CAH10 and C2AH8 and amorphous 
aluminium hydroxide, which is followed by the formation of the stable cubic phases 
C3AH6 and AH3 at higher temperature and in the presence of humidity. This process is 
associated with an increase in porosity -owing to a contraction in the volume of solids- 
and a subsequent decrease in strength [12-13]. 
Recently CACs have been reported to show potential advantages when used to 
encapsulate certain toxic and radioactive wastes [14], owing to their high early strength, 
chemical attack resistance and abrasion endurance [15]. Interaction between CACs and 
alkaline and alkaline-earth metal chlorides has been reported focusing on the hydration 
chemistry and on the setting behavior [16-18]. Results were recognized to be unclear 
and sometimes opposite to those obtained with OPC. The effect of counter-ions 
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(sulphates, chlorides or nitrates) cannot be disregarded [19]. Only a few studies dealing 
with the effect of some transition metal chlorides and sulphates on CAC have so far 
been reported [15,20]. However, the performance of CAC when toxic metal nitrates are 
added has scarcely been researched. In addition, the effectiveness of CAC in the 
stabilization of hazardous waste containing soluble toxic metals remains to be 
ascertained. Both issues are addressed in the current paper. The effect of Pb, Zn and Cu 
nitrates on the fresh and hardened state properties of the CAC matrices is discussed. To 
this end, two sets of CAC samples, cured under two different environmental conditions 
-the second one selected in order to favor the formation of stable phases- were assayed 
and later studied on different days. The phase assemblage of the modified CAC mortars 
was also analyzed by XRD and related to the microstructure of the mortars and their 
compressive strengths. Both adsorption isotherms of the metals on CAC and leaching 
tests were carried out in order to ascertain the effectiveness of these CAC matrices in 
S/S processes of toxic metals.  
 
2. MATERIAL AND METHODS 
2.1. Materials 
A CAC (Ciments Molins) was used as the binding phase. Its XRD analysis showed CA 
as the main mineralogical phase (ICDD 01-070-0134), together with amounts of C12A7, 
mayenite, (ICDD 09-0413), C5A3 (ICDD 01-1057), C3A (ICDD 01-1060) and C4AF 
(ICDD 30-0226). The average wt.% composition was: Al2O3 41%, CaO 38%, Fe2O3 
17%, SiO2 3%, SO3 0.1%, Na2O+K2O 0.1%. The aggregate was a standard siliceous 
sand (99 wt.% of SiO2), evenly graded, with particle diameter ranging from 0.05 to 2 
mm. 
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Soluble Pb(NO3)2, Zn(NO3)2, and Cu(NO3)2 (Merck) were chosen for the metal load (1 
wt.% metal/cement).  
 
2.2. Sample preparation 
Cement and aggregate (1:3 ratio by weight) were blended for 5 min in a mixer. 
Afterwards, the mixing water (0.4 water/cement ratio) was added and mixed for 90 s. 
When required, one of the selected metal salts was dissolved in the mixing water. Four 
different batches of samples were prepared: a plain CAC mortar (control group) and 
three batches of samples modified upon the addition of, respectively, Pb, Zn and Cu. 
According to the procedures described below, fresh state properties were evaluated. For 
the assessment of the hardened state characteristics, cylindrical (5 cm height and 3.5 cm 
diameter) PVC molds were filled with the fresh mixture. Specimens were cured until 
the test day. For each batch of samples, two different curing conditions were chosen: 
- Curing 1: 20º C and 95% RH [21] over the whole curing period. 
- Curing 2: 60ºC and 100% RH [22] for 24 hours. Once this period was 
completed, temperature and RH were shifted towards 20ºC and 95% RH. 
Under condition 1, CAC samples were expected to develop metastable hydrated phases. 
However, condition 2 was performed to enhance the formation of stable hydrates. 
For each period of curing (1, 3, 7, 14 and 28 days), three specimens of each one of the 
different mortar compositions were prepared to ensure the statistical significance of 
data. The results reported were the average values. 
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2.3. Experimental tests 
In fresh and hardened state, mortars properties were calculated according to the 
standardized procedures reported elsewhere [5,23]: consistency (measuring the slump 
through the mini-spread flow test), water retention capacity, open time and compressive 
strength. 
In order to arrest the ongoing hydration, samples were subjected to a freeze-drying 
procedure, intended to remove all water. Afterwards, pore size distributions (PSD) by 
mercury intrusion porosimetry (MIP) and mineralogical composition (X-ray diffraction, 
XRD) were determined [5]. Based on the diffraction peaks intensities, the relative 
amount of the different crystalline phases was established in a semi-quantitative 
approach [24] that took into account the difficulties related to the proper quantitative 
estimation of the CAC systems. 
The textural characteristics of the samples and elemental mapping were performed, after 
coating with a gold film, by means of scanning electron microscopy (SEM), in a Hitachi 
S-4800 microscope, coupled to a EDS detector. 
Sorption studies were carried out by batch process. Aqueous solutions (50mg/L) of 
CAC were loaded with sorbate (metal nitrates, ranging from 0 to 10 wt.% with respect 
to the sorbent). The mixtures were allowed to reach equilibrium under stirring for 60 
min. The solid compounds were separated by centrifuging and the supernatant was 
filtered through a 0.45 m filter. Solid phase was assessed by XRD and, when deemed 
necessary, by Fourier transform infrared-attenuated total reflectance (FTIR-ATR) 
spectroscopy, while residual metal concentration of this clear solution was determined 
by atomic absorption spectrometry (AAS) (Perkin-Elmer AAnalyst-800) [23]. Steady-
state data were fitted to the Langmuir and Freundlich models [25]. 
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Monolithic test pieces were subjected to leaching tests by a semi-dynamic Tank-Test 
[26]. Eluates were collected at eight times (0.25, 1, 2.25, 4, 9, 16, 36 and 64 days) and 
the residual metal concentrations were determined by AAS. Cumulative leachings were 
calculated as described elsewhere [5] and the leaching mechanism was determined from 
the slope of the linear regression analysis as detailed in the norm [26]. 
 
3. RESULTS AND DISCUSSION 
3.1. Effects of metal incorporation on CAC mortar performance 
The presence of Pb(NO3)2 and Cu(NO3)2, under curing condition 1, caused a marked 
fluidity increase (rise in the slump values; Table 1) with respect to the reference mortar 
(by 30% and 63%, respectively). The workable life increased by 23% for Pb-doped 
samples and by 30% for Cu-doped samples. In contrast, the addition of Zn(NO3)2 
dramatically changed the workable life, which was reduced by 91%. 
Under curing condition 1, the addition of the three toxic metals was detrimental to the 
strength of the mortars (Fig. 1a). In 28-days aged Pb-bearing mortars the strength was 
reduced by as much as 75%. The presence of Cu provoked a dramatic strength 
reduction: in most cases, the compressive strength results were almost negligible. This 
fact can be related to a strongly delayed hydration of the cement particles: since samples 
were not hydrated, they broke easily. 
Curing condition 2 clearly favored the compressive strength of the Pb and Cu-bearing 
CAC mortars (Fig. 1b, Fig. 2). From day-7 onwards, the measured compressive strength 
of the Pb-doped mortars was even larger than that of the control group. For Cu-bearing 
mortars, the change in curing conditions clearly improved the strength (Fig. 2c). As for 
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Zn-doped cements, medium-term cured samples (14 and 28 days) showed similar 
compressive strengths to those of the control group. 
As a general trend, the metal-doped CAC samples cured under condition 2 showed 
higher compressive strengths than those reported in the literature for metal-doped OPC 
specimens [27-28], that is of the utmost importance for using CAC in the S/S processes 
of toxic metals as an alternative to OPC. In general, but in the case of Cu loading under 
curing condition 1, the majority of the mechanical resistances of the 28-day-aged metal-
doped CAC mortars were satisfactory, allowing the safe handling of these materials and 
their deposition in industrial landfills. Values fulfil the requirements of strength for 
monolithic wastes to be accepted in landfills for hazardous wastes (1 MPa after 28 
curing days) [29] and, in general, the more demanding requirements for using the matrix 
in concrete masonry units (13MPa) [30]. 
 
3.2. Phase assemblage and microstructural characterization of the metal-doped 
CAC samples 
XRD was used to study the evolution of the different cementitious phases after each 
curing period (Fig. 3) and PSD was related to this phase assemblage. As reported by 
Gosselin et al. [24], the phase quantification by the Rietveld method cannot be easily 
used for CACs. Therefore, owing to the complexity of the CAC system, plotted values 
are estimations based on peak intensity heights (related to the area under the peak). 
Specifically, with respect to AH3, the estimation was made based on its most intense 
diffraction peak at 18.33º 2 (ICDD 01-076-1782), which in the assayed sample 
corresponds to gibbsite. 
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3.2.1. Control group 
Plain CAC specimens (curing 1) showed, as main components, metastable hydrated 
phases (CAH10, Fig. 3), which yielded PSD curves in which most of the pores appeared 
below 0.5 m of diameter (Fig. 4). Also there is a large population of pores < 0.10 m. 
The fine, reduced porosity of these samples accounted for their highest mechanical 
strengths. 
These control samples under curing condition 2 showed stable hydrated phases C3AH6 
and AH3 (gibbsite) as significantly present compounds (Fig. 3). Owing to the high 
density of these hydrates, the porosity of these specimens increased, thus explaining the 
strength reduction observed (Fig. 1) [24]: the average pore diameter was between 1-1.5 
m and the population of pores < 0.5 m of diameter contributed to a lesser extent to 
the total porosity (Fig. 4, condition 2). SEM examination of these very same samples 
confirmed these results showing cubic-shaped crystals mixed with some trapezohedral 
and rhombo-trapezohedral ones, all of which were of C3AH6 (Fig. 5a). AH3 appeared in 
the micrograph as needles while some hexagonal prisms could be attributable to the 
remaining metastable hydrates [31] (Fig. 5b).  
 
3.2.2. Pb-doped samples 
The incorporation of Pb in CAC samples hampered the hydration process (condition 1): 
anhydrous compounds prevailed over the other aluminate phases (Fig. 3). A sharp, 
unimodal PSD was found for Pb-doped samples (Fig. 6), with an average pore size 
diameter around 2 m. Porosity below this pore size value was almost negligible. This 
PSD pattern arose as a result of the prevailing presence of anhydrous compounds, as 
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confirmed by SEM (Fig. 7a), in which abundant loosely-bound unreacted cement 
particles and a low degree of mortar compactness can be seen. The PSD of these 
samples after a few curing days can be attributed to the interparticle space between 
anhydrous calcium aluminate grains. 
Further delayed hydration in samples cured beyond 7 days resulted in: (i) the filling of 
the interparticle space by the hydration products; and (ii) the increase of the finest pores 
(diameter < 0.5 m). The latter can be associated with the subsequent appearance of 
metastable hydrates, as confirmed by SEM: a significant part of these hydrates appeared 
in jellified ill-defined structure, which hindered their proper identification by XRD (Fig. 
7b). After 28 curing days an increase in needles and hexagonally-shaped crystals of 
CAH10 was observed (Fig. 7c) [32]. 
The EDS’chemical mapping indicated that Pb was specially attached to calcium and 
aluminium compounds rather than to siliceous components (Fig. 8). 
In samples aged under condition 2, the presence of Pb did not hinder the formation 
mainly of stable compounds (C3AH6 and AH3), which systematically appeared from 
day-1 onwards (Fig. 3). These compounds precisely determined the PSD: similarly to 
the control group, reduced porosity below 0.5 m and main pore diameter around 1 m 
(Fig. 6). SEM examination showed a fibrous matrix owing to the presence of AH3 
needles together with some cubic C3AH6 crystals (Fig. 7d). 
Traces of two new Pb-bearing phases were found by XRD: an aluminosilicate, 
wickenburgite (CaPb3Al2Si10O24(OH)6, ICDD 21-0148, peaks: 8.8, 27.4º 2, and 
leadhillite (Pb4SO4(CO3)2(OH)2, ICDD 01-085-1422, peaks: 24.1, 34.3º 2. Leadhillite 
had been reported for Pb-doped OPC samples [33]. 
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3.2.3. Zn-doped samples 
Metastable C2AH8 was identified in Zn-CAC mortars (curing 1) (Fig. 3). PSD depicts 
the characteristics of the simultaneous presence of anhydrous compounds (main pore 
diameter ≥ 2 m) and metastable hydrates (significant pore population < 0.5 m) (Fig. 
9). SEM micrographs showed a gel-like structure of metastable hydrates, with reduced 
porosity (Fig. 10a). Areas of thin spread out gel-like layers together with some 
anhydrous cement particles could also be identified (Fig. 10b). These results agree well 
with previous data on the relatively high compressive strengths of these Zn-CAC 
samples (Fig. 1a). 
The EDS elemental mapping showed that Zn did not show any preferential fixation site. 
Spots of Zn appeared over the matrix both in calcium aluminate and in siliceous 
compounds (Fig. 11). 
By XRD (Fig. 3), Zn-doped samples (curing 2) showed, alongside some phases 
remaining unhydrated, stable hydrated compounds (C3AH6 and AH3), whose amount 
increased over the time (from 14 curing days onwards). Fig. 9 depicts a combined PSD 
pattern, with a split in the main peak above and below 1 m and slightly increased 
porosity below 0.5 m. No evidence of new Zn-bearing compounds could be identified 
by XRD. SEM analysis showed some cubic and trapezohedrally shaped crystals of 
C3AH6 (Fig. 10c) and gibbsite needle-shaped crystals (Fig. 10d), confirming the XRD 
results. 
 
3.2.4. Cu-doped samples 
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The presence of Cu (condition 1) almost completely protected the anhydrous aluminate 
phases from hydration. XRD measurements of Cu-doped samples did not reveal the 
presence of hydrated compounds except a tiny amount of CAH10 (Fig. 3). Accordingly, 
the PSD was similar to Pb-samples, with a unimodal distribution (main pore diameter 
ca. 2 m) and only a few pores with diameters < 0.5 m (Fig. 12). This fact accounted 
for the low –almost negligible- compressive strengths of these samples (Fig. 1a and 2c). 
SEM examination (Fig. 13a) showed an ill-defined microstructure, with an outstanding 
number of anhydrous cement particles poorly bonded that led to a large degree of 
porosity. Some newly formed flaky plate-like crystals of metastable hydrates (CAH10), 
were found in rosette-like shapes (Fig. 13 b-c) [34]. These crystals appeared as two-
faced basal pinacoids of the hexagonal system [31]. 
EDS mapping showed that Cu, like Pb, was mainly attached to calcium aluminate 
compounds rather than to silicon-rich components (Fig. 14).  
The scenario after performing curing 2 posed a completely different phase assemblage, 
in comparison with either Pb- or Zn-doped samples. The addition of Cu inhibited the 
formation of stable hydrated compounds. Metastable hydrates (CAH10) could mainly be 
identified by XRD (Fig. 3). Only after 14 curing days could scarce amounts of stable 
hydrates be detected. The PSD (Fig. 15) showed the pattern of the metastable hydrates, 
with the main porosity below 0.5 m. Over time, the hydration progress allowed the 
largest pores to be filled with hydration products. The interparticle space (pores at ca. 2 
m, as in 7-days aged sample) disappeared and the pore size shifted towards lower 
diameters (samples aged 14 and 28 days). These samples with the finest porosity 
attained the largest compressive strengths among all the mortars tested. The large 
degree of compactness of the sample was observed by SEM (Fig. 13 d). The textural 
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characteristics of this sample resemble those obtained in Zn-CAC mortars but under 
curing 1, showing different gel-like layers with reduced porosity owing to the formation 
of metastable hydrates. The high compressive strengths achieved are promising for the 
use of CAC as a disposal method for Cu-compounds, even though a foreseeable partial 
decrease in the mechanical strength can be expected due to the long-term conversion 
reaction. 
To conclude, three different patterns of PSD could be related to both the XRD phase 
assemblage and the mechanical strengths: (i) the first pattern reflected the PSD of 
anhydrous compounds, in which the finest porosity did not appear. The main pore size 
was around 2 m; (ii) the second pattern accounted for the presence of metastable 
hydrates, with the majority of the pore population below 0.5 m and a significant 
number of pores < 0.1 m. These samples are of reduced overall porosity; and (iii) 
finally, the third pattern appeared when stable hydrates crystallized, with average pore 
diameter between 1 and 1.5 m and a reduced population of pores < 0.5 m in diameter. 
Combined patterns owing to the simultaneous presence of anhydrous particles and/or 
metastable and/or stable hydrates could also appear.  
 
3.3. Sorption studies. 
The effectiveness of the CAC in the uptake of the toxic metals was assessed by batch 
sorption studies. Adsorption isotherms are depicted in Fig. 16a.  
The uptake of Pb and Zn (Fig. 16a) fitted to a similar pattern (up to a 3% w/w 
metal/cement was fully retained by the CAC). The uptake of Cu was the highest, 
achieving a value as large as 5% of metal totally retained. CAC was found to be a good 
sorbent material for these metals. 
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Best adjustment of data (Table 2) was found for the Langmuir model [35] that states: (i) 
the sorption takes place at homogenous sites in the sorbent material; (ii) there is no 
interaction between the ions, and (iii) the metal is sorbed forming a monolayer coverage 
on the adsorbent surface. 
The adsorption capacities of these metals in CAC (qm, Table 2) are among the best 
sorption values reported in analogous sorbent materials. For example, maximum 
adsorption values for Cu, Zn and Pb of 23.25, 12.85 and 27.03 mg per g of zeolite-
Portland cement admixtures were reported [36]. Copper retention was greater than that 
reported for natural kaolin, zeolite and derived geopolymers [37]. These sorption 
capacities encourage the use of CAC-based systems as an effective toxic metal removal 
agent. 
Careful examination by XRD of solid compounds obtained after sorption studies was 
executed looking for new metal-bearing compounds that could account for the metal 
fixation in CAC mortars. The low amount of the compounds and/or the poor crystalline 
state hindered the proper identification of the compounds, so the results below should 
be considered cautiously. The addition of either Pb or Cu salts gave rise to the presence 
of anhydrous calcium aluminate phases (CA and C12A7) (Fig. 17). Considering the 
largely alkaline pH of the cement solutions and the Pourbaix-type diagrams, the 
geochemical modelling carried out in some previous works reported the formation of 
hydroxylated and hydroxycarbonated compounds as the phases with the highest 
likelihood to be found [38]. Additionally, for example, in the presence of Pb, 
hydrocerussite (Pb3(CO3)2(OH)2) [38] and Pb(OH)2 [39-42] were found. Therefore, in 
the current work, it could be reasonably expected the formation of small amounts of 
similar hydroxylated and hydroxycarbonated compounds of Cu and Pb. 
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By XRD (Fig. 17), it could be seen, in the case of copper, Cu(OH)2 and 
Cu4(NO3)2(OH)6. Additionally, by FTIR-ATR (Figure 18a), the appearance of an 
absorption band (ca. 3500 cm-1), which can be assigned to the OH stretching mode, 
could be seen in Cu-samples compared to metal-free samples. This fact is helpful to 
confirm the presence of a Cu(OH)2 precipitate. 
In the case of Pb, small amounts of Pb(OH)2 and hydrocerussite (Pb3(CO3)2(OH)2) 
could be identified by XRD (Fig. 17). In Fig. 18b, FTIR-ATR showed at ca. 1400 cm-1 
the 3 stretching vibrations of the CO32- ion that can be assigned to the presence of 
hydrocerussite [43]. This band only appeared upon the sorption of Pb: as a matter of 
fact, in the free-metal sample (control group) this band could not be observed. 
Conversely, no specific hydroxylated compounds could be found for Zn. Only after the 
addition of 10 wt.% of Zn, some weak diffraction peaks that could be related to a zinc 
aluminium sulphate hydrate (5ZnO.Al2O3.ZnSO4.15H2O) could be identified (Fig. 17). 
However, other identification methods were not able to identify this compound, so that 
its presence remains uncertain. 
In good agreement with the findings of the current work, the experimental differences 
between Zn and the other two cations (Cu or Pb) were also recognized in a previous 
work by Hale et al. [42], who reported that, at high pH (cement media), Cu and Pb 
hydroxides were the most likely precipitates controlling metal mobility. However, these 
authors reported differences in cement systems with respect to the Zn immobilisation, 
which was not suitably predicted by Zn(OH)2. 
In the current work, the XRD and FTIR-ATR results and the good experimental 
adjustment to the Langmuir model suggest that metals (specially Cu and Pb) could form 
hydroxo species that can be sorbed to the surface of the CAC [44]. 
  16
 
3.4. Assessment of the metal-CAC interaction 
The scientific literature provides controversial results concerning the effects of alkaline, 
alkaline-earth and transition metal chlorides onto CAC [15,17]. The massive 
precipitation of a protective gel coating on the phase boundary of anhydrous cement 
particles would explain the retardation effect of transition metal chlorides. The coating 
could be formed by amorphous hydroxides and/or double-layer hydroxide phases. This 
possibility agrees well with the behavior observed for CAC samples doped with Cu and 
Pb nitrates, which showed a strong retardation effect.  
The opposite results were found for samples doped with Zn(NO3)2. While ZnCl2 was 
seen to strongly delay the hydration of iron-rich CAC exhibiting the largest reduction in 
strength [15], the addition of Zn(NO3)2 in this research was shown to accelerate the 
setting of the CAC cements with a moderate reduction in strength. In an iron-lean CAC, 
transition metal chlorides also showed an accelerating effect [20]. Although the 
differences in the iron-content of CAC were put forward to justify the discrepancy [15], 
in the current paper the studies were conducted by using an iron-rich CAC (17 wt.% of 
Fe2O3). The observed differences in the role of Zn(NO3)2 with respect to reported data 
for ZnCl2 might be thought to be due to the effect of counter-ion, because chloride had 
been identified as a strong retarder for CAC [16]. Besides, the retarding effect of 
chloride as counter-ion was recently recognized in calcium sulfoaluminate cements 
[19]. 
Differences between Zn and the other two metals could be justified by the precipitation 
of amorphous gel coating of the cement particles. Hydroxides of both Pb and Cu 
showed less amphoteric character than zinc hydroxide (more soluble in the form of 
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ZnO22-), so the former were more likely to appear as precipitates bound to CAC 
particles, as confirmed by the XRD (Fig. 17) and elemental mapping results. This would 
explain the delay in the CAC hydration caused by the presence of copper (to a greater 
extent because of its low amphoteric character) or lead (to a lesser extent by its higher 
amphoteric character in relation to Cu). These facts are in line with those published for 
CAC [15] as well as for OPC [45].  
From the current experimental results, it may be so far suggested that the presence of 
zinc nitrate induced the preferential formation of C2AH8 rather than CAH10, as seen by 
XRD, with the advantageous subsequent effect of improving nucleation rates, in 
accordance with previous studies [20,32,46]. As in the case of lithium, Zn, which 
among the three assayed cations showed the highest preference for 4-tetrahedral 
coordination, would act by promoting nucleation sites for the growth of similarly four-
coordinated structures, as evidenced by the preferential formation of the tetrahedrally 
coordinated C2AH8 [47]. On the contrary, C2AH8 compound was barely found on the 
addition of either Cu or Pb, which preferred other different coordination geometries. In 
the case of Cu(II), for example, Jahn-Teller distorted octahedral arrangements have 
been described [48]. The heterogeneous nucleation could shorten the induction period, 
thus accelerating the hardening process. 
 
3.5. Leaching tests 
Leaching studies of monolithic mortars showed that, regardless of the curing process, 
Cu and Pb were fully retained in the CAC matrix, while very low amounts of Zn could 
be found in the leachates. Copper and lead, which formed less amphoteric, and so less 
soluble, hydroxides were totally encapsulated in the CAC mortars.  
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In the CAC matrices assayed, Zn showed 99.99% retention. The maximum cumulative 
leaching value obtained after 64 days was ca. 0.49 (mortars under curing 1) and 0.38 
(curing 2) mg.m-2, for Zn, complying with the limits imposed by a regulatory norm (800 
mg.m-2, for Zn) [49]. As for Pb and Cu, these limits (400 and 98 mg.m-2, for Pb and Cu, 
respectively) were totally fulfilled showing 100% retention for both metals. 
Through a linear regression analysis, the slopes from the cumulative log-log data 
evaluation were calculated (Table 3) [5]. In Zn-doped mortars subjected to curing 1, the 
overall leaching process was governed by a dissolution process (slope value 0.758, time 
increment 2-7). At the very early stages (time increment 1-4), a delayed diffusion, 
followed by dissolution and diffusion at the final stages, took place, according to the 
slope values. For mortars hardened in curing condition 2, the overall process of the Zn 
leaching was controlled by diffusion (slope 0.520, time increment 2-7), a delayed 
diffusion at early stages and diffusion over the next periods. The absence, at the very 
early stages, of a surface wash-off process (rapid release of the pollutant owing to the 
dissolution of the soluble material that exists on the surface of the waste matrix) ensured 
a good encapsulation of the metal [50]. 
Both the leaching pattern and the maximum cumulative leaching values were slightly 
more favourable in the case of samples after curing 2. The formation of a microstructure 
with stable hydrates (curing 2) was beneficial for improving the Zn retention. 
By comparison with OPC and similar binding matrices, toxic metals were better 
retained in CAC mortars. In OPC mortars metal retention values ranged from 99.82 to 
99.97% for Pb, from 99.85 to 99.91% for Zn and from 99.96 to 99.99% for Cu [51]; in 
magnesium phosphate cements, retention levels higher than 99% for Pb and higher than 
95% for Zn and Cu were reported [52] and retention values of 81% and 87% for Pb and 
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Zn were reported for toxic metals immobilized by cement rotary-kiln co-processing 
[53]. In this study, the use of CAC clearly enhanced all the values that had previously 
been reported.  
 
4. CONCLUSIONS 
Under the curing condition of 20ºC/95%RH, Pb and –specially- Cu nitrates hampered 
the hydration process of CAC, yielding anhydrous compounds and showing low 
mechanical strength. Unlike the effect reported in OPC mortars, Zn(NO3)2 caused a 
dramatic reduction in the workable life, which was reduced by ca. 90%. Metastable 
C2AH8 hydrate appeared as the prevailing compound in Zn-doped CAC mortars. The 
formation of this phase, owing to the preference of Zn(II) for tetrahedrally coordinated 
structures, improved nucleation rates and provided an explanation to the setting time 
reduction observed. 
Curing condition 2 (60ºC/100%RH) favored the hydration of the cement particles, 
improving the compressive strength of Pb and Cu-loaded mortars. In most of the 
mortars, mechanical strengths met the requirements of the standards, making the CAC 
an alternative to toxic waste solidification and landfilling. 
In hardened specimens, PSD was related to the XRD phase assemblage and three 
different PSD patterns were drawn: (i) the PSD of anhydrous compounds, with 
unimodal distribution and main pore size around 2 m; (ii) the pattern that accounted 
for the presence of metastable hydrates, with samples of reduced overall porosity, major 
pore population below 0.5m and significant number of pores < 0.1 m; and (iii) the 
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PSD pattern when stable hydrates crystallize, with an average pore diameter between 1-
1.5 m and a reduced population of pores < 0.5 m of diameter.  
CAC showed good sorbent capacities for the toxic metals. Sorption studies proved that 
the metals were fully retained when added below 3% w/w by cement. The uptake of Cu 
was the highest (maximum sorption capacity 60 mg/g CAC). 
After the leaching tests, very high retention values of the metals were obtained: Cu and 
Pb were fully retained in the CAC mortar, while Zn was retained in 99.99%.  
To sum up, CAC mortars were seen to perfectly encapsulate the tested toxic metals, 
allowing us to explore the use of CAC for waste management. 
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Figure 1. Compressive strengths: a) condition 1; b) condition 2. 
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Figure 2. Compressive strengths for a) Pb-; b) Zn-; c) Cu-doped samples under 
conditions 1 and 2. 
 
  27
 
 
Figure 3. XRD of samples cured under conditions 1 (left) and 2 (right). 
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Figure 4. PSD of control samples. 
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Figure 5. SEM micrographs of 28‐days aged  control  samples  (condition 2): a)  trapezohedral, 
rhombo‐trapezohedral  and  cubic‐shaped  C3AH6  (arrows);  b)  AH3  needles  (solid  arrows)  and 
hexagonal prisms of metastable hydrates (dotted arrows). 
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Figure 6. PSD of Pb-doped samples. 
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Figure  7.  SEM  micrographs  of  Pb‐CAC  samples  cured  under  condition  1  (a‐c)  and  2(d):  a) 
anhydrous cement particles (encircled areas) at day 14; b) gelified metastable hydrates at day 
28; c) needles and hexagonally‐shaped  (arrows) CAH10 crystals at day 28; d) fibrous matrix of 
AH3 needles (encircled areas) and cubic crystals of C3AH6 (arrows). 
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Figure 8. EDS mapping of 28-days aged Pb-doped CAC samples (condition 1): a) SEM 
micrograph; b) global chemical mapping; c) Fe; d) Ca; e) Al; f) Si; g) Ti; h) Pb. Lean-Pb 
areas are encircled, corresponding to rich-silicon areas. 
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Figure 9. PSD of Zn-doped samples. 
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Figure 10.  SEM examination of 28‐days  aged  Zn‐CAC  samples. Condition 1  (a‐b)  and 2  (c‐d):  a)  gel‐like 
structure  of  metastable  hydrates;  b)  thin  spread  out  gel‐like  layers  with  anhydrous  cement  particles 
(arrows); c) C3AH6 cubic and trapezohedrally‐shaped crystals (arrows); d) densely packed AH3 needles. 
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Figure 11. EDS mapping of Zn-doped CAC samples (28 curing days, condition 1): a) 
SEM micrograph; b) global chemical mapping; c) Fe; d) Ca; e) Al; f) Si; g) Ti; h) Zn. 
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Figure 12. PSD of Cu-doped samples (condition 1). 
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Figure 13. SEM micrographs of 28-days aged Cu-CAC samples: Curing condition 1 (a-
c) and 2 (d). a) Gel-like microstructure with some hexagonal plates (arrows); b) and c) 
rosette-like structure of CAH10 crystals; d) thin spread out gel-like layers. 
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Figure 14. EDS mapping of Cu-doped CAC samples (28 curing days, condition 1): a) 
SEM micrograph; b) global chemical mapping; c) Fe; d) Ca; e) Al; f) Si; g) Ti; h) Cu. 
Lean-Cu areas are encircled, corresponding to Si-rich areas. 
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Figure 15. PSD of Cu-doped samples ( condition 2).  
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Figure 16. a) Adsorption isotherms; b) linearized algorithm of the Langmuir equation. 
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Figure 17. Solid phases XRD analysis after metal sorption studies. 
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Figure 18. FTIR-ATR spectra of solid phases after metal sorption studies: a) sample after 
Cu sorption compared with a free-metal sample; b) sample after Pb sorption compared 
with a free-metal sample.  
 
